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ABSTRACT 

Bone is a connective tissue formed by the precipitation of 
hydroxyapatite crystals on organic matrix. One of the most 
common illnesses associated with the bone is bone fracture. The 
use of implant at the affected bone region is found to be associated 
with several difficulties especially due to the activity of 
macrophage and osteoblast at the implanted site. Osteoblasts are 
specialized fibroblast-like cells associated with the formation of 
bone and macrophages, members of host immune system. 
Orthopedic surgery is known to trigger a wound healing response 
at the implanted site by activation of numerous immune cells long 
before osteoblasts arrive. Unique higher surface area, surface 
roughnesses, altered electron distribution and energetics of nano- 
hydroxyapatite have altered the activity of macrophage and 
osteoblast when coated over a substrate. An overview of 
macrophage and osteoblast response to micro and nano- 
hydroxyapatite that is involved in achieving maximal bone 
response is discussed. 

Keywords: Hydroxyapatite, nano-hydroxyapatite, osteoblast, 
macrophage. 



INTRODUCTION 

Bone is an extremely dynamic 
tissue, formed by the precipitation of 
hydroxyapatite (HA) crystals on organic 
protein matrix. HA crystals are formed when 
the body cells tend to store calcium and 
phosphorus in the extracellular matrix. The 



precipitation of HA crystals on collagen 
matrix forms bone tissue 1 . Besides its 
significance in biology, HA is also a good 
candidate for applications as catalyst and 
gas sensors 3 . One of the notable bone 
illnesses is bone fracture which can be 
healed upon tended and supported implant. 
On failure, bone fracture may lead to 
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misgrowth of bone 4 . In the past several 
years, many cases have been reported on 
bone implants and the associated difficulties 
especially due to macrophage and osteoblast 
responses over the implant. 

Osteoblasts are specialized 
fibroblast-like cells of primitive mesench- 
ymal origin called osteoprogenitor cell that 
originate from pluripotent mesenchymal 
stem cells of the bone marrow. The evidence 
of mesenchymal stem cells as precursors for 
osteoblasts is based on the capacity of bone 
to regenerate itself both in vivo and in vitro 
by using cell populations 5 . It has been shown 
that the bone marrow stroma have the 
capacity to differentiate into osteoblasts, 
chondroblasts, fibroblasts, adipocytes and 
myoblasts 6 . Macrophages are specialized 
phagocytes that play an important role in 
clearance of effete host cells and molecules 7 , 
as well as in defense against foreign 
invasion, including infection, allogenic or 
xenogenic transplantation and implantation. 
Orthopedic surgery is known to cause 
trauma to the local tissue triggering a wound 
healing response activating numerous 
inflammatory cells at the implant site long 
before osteoblasts arrive. One type of 
inflammatory cell (macrophages) migrates to 
the bone implant interface and becomes 
activated soon following implantation 8 . 
Macrophages are the first line of defense 
against bacteria, viruses and foreign 
implanted materials. Overactivation of 
macrophages can lead to the production of 
pro-inflammatory cytokines (IL-1B, IL-6), 
Chemokines (CCL22), matrix enzymes 
(elastase) and other substances (PGE2), 
which not only can cause osteolysis but can 
also stimulate the proliferation of 
fibroblasts 9 ' 10 . This would decrease the 



ability of osteoblasts to attach proliferate and 
form bone on orthopedic implants. 

Macrophages are found to actively 
respond to almost all implants in vivo, 
including metal 11 , ceramics and cements 12 , 
polymers 13 ' 14 , and protein material such as 
collagen 15 ' 16 etc. As macrophages are 
members of the host immune system, their 
responses to biomaterials have attracted 
wide concern. HA being biocompatible, 
when coated over the implant can down- 
regulate the macrophage activities and 
migration so that wound healing can occur 
quickly and bone growth and mineral 
deposition by osteoblasts are prompted 
shortly there after. Controlling surface 
feature size and corresponding surface 
roughness on implants may clearly alter 
immune cell responses, which would be an 
extremely important consideration for the 
use of nanostructured materials as improved 
biomaterials. In addition, incorporation of 
nanoparticles over the implant has been 
found to decrease the macrophage 
proliferation 17 and increase osteoblast 
adhesion 18 at the implanted site. The 
objective of this review is to discuss on the 
use of micro and nano- HA coated implants 
and to bring the macrophage and osteoblast 
reaction at the implanted site. For an implant 
to be biocompatible, the implant-bone 
interface should mimic with the interfaces 
naturally occurring between bones and 
tendons and ligament. 

MACROPHAGE AND OSTEOBLAST 
RESPONSE TO HA 

Many studies have been performed 
regarding the macrophage proliferation and 
osteoblast adhesion on different materials 
that were used as surgical implants 19 . 
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Macrophage initiates the entire process of 
phagocytosis ultimately decreasing the 
ability of the osteoblast cells to get adhered 
at the implant surface. The adverse effect of 
synthetic compounds on growth disturbance, 
migration, infection, rigidity, effects on 
cellular level 20 is reduced by the use of HA 
in the implant. 

MACROPHAGE AND WOUND HEALING 
PROCESS 

The overall inflammatory kinetics 
and their mediators in activating the cells at 
the implanted site are not fully understood. 
The activation of macrophage is initially 
through an innate immune response. This 
involves a combination of tumor-necrosis 
factor alpha (TNF-a) and interferon-y (IFNy) 
to promote a bactericidal phenotype (e.g., 
expression IL-1, IL-6 and IL-23) 21 . Later, 
these cells respond to both innate and 
adaptive immune response 22 involving 
response to basophil and mast cell release of 
IL-4 eliciting a differentiation of 
macrophage into a wound healing 
pathway 23 . Adaptive immune response 
occurs though TH2 helper cell and IL-10 
expression leading to expression from an 
intermediate regulatory macrophage of IL4 
and IL-1 3. This cytokine regulated cellular 
recruitment, migration, proliferation and 
formation of an extracellular matrix on the 
implant surface can be influenced by this 
early population of macrophages 24 . These 
cells express growth factors such as 
fibroblast growth factor (FGF-1, FGF-2, 
FGF-4), Transforming growth factors, 
epithelial growth factor as well as bone 
morphogenetic proteins (BMPs) 25 . The end 
result of this complex cascade is promotion 
of a wound healing process that includes 



angiogenesis . The development of an 
elaborate vascular network is an important 
part of the implant wounding healing 
process and may be elicited by the initial 
ischemia in the immediate wound site 
followed by the macrophage mediated 
release of bFGF, TNF-a and vascular 
endothelial growth factor (VEGF) 27 . 

OST I ;OI\TIX; RATION AND OSTEOBLAST 
DIFFERENTIATION 

The role of macrophage in implant 
topography has primarily focused on 
implanted material and potential for 
inflammation in the vascular based devices. 
One group of scientists believes that the 
induction of macrophage apoptosis can 
eliminate the inflammation caused due to 
these reactions 28 . At the other hand, human 
osteoblast cells were able to differentiate and 
proliferate in vitro over HA composites 29 ' 30 . 
Phagocytosis of wear debris by osteoblasts 
affects differentiation and local factor 
production in a manner dependent on 
particle composition at the implanted site 31 . 

The subsequent formation of a 
mineralized matrix during osteogenesis and 
bone remodeling or during osteointegration 
of HA composites involves the recruitment 
of multipotent mesenchymal stem cells and 
the progressive differentiation of these cells 
into osteoblasts 32 . Osteoblast differentiation 
and skeletal formation during embryonic 
development is mediated by an essential 
transcription factor protein called core 
binding-factor-alpha (Cbfal) 34 . Cbfal 
belongs to the Runt family of transcription 
factors 32 , and regulates osteoblast differe- 
ntiation and expression of bone extracellular 
matrix protein genes that encode for bone 
sialoprotein [BSP], Osteocalcin and Type I 
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Collagerr ' . Cbfal plays an essential role 
in osteogenesis, osteoblast matrix formation, 
chondrocyte differentiation, and bone 
resorption by osteoclasts 37 , and could 
therefore be a downstream target of cellular 
events such as extracellular matrix adhesion- 
mediated signaling, changes in cell shape 
and responses to local paracrine 
environments. A second transcription factor, 
osterix, has been described and has been 
suggested to play a key role downstream of 
Cbfal in which its expression is necessary 
for the ongoing differentiation within in the 
osteogenic pathway 38 . 

CELLULAR RESPONSE ON HA 

The non-toxic and natural 
degradation of HA make it an ideal 
candidate for in vivo application 39 . However 
the modes of synthesis have been found to 
be associated with the degradation in vitro 
and in vivo. The HA which was deposited 
by ion-beam technique was less degradable 
when compared to the HA coated via plasma 
spray deposition technique in vitro. It should 
be noted that the rapid degradability of the 
implanted material will lead to shortening 
the longitivity of the implant 40 . Hence HA 
coated via ion-beam technique is more 
stable. The in vivo study does not show any 
significant difference in degradability but 
the adhesiveness of the osteoblast was 
reported to be higher in Ion beam deposited 
HA coating 41 . In a comparative study 
performed by Nausa et al performed on the 
tissue response to two synthetic HA which 
differ in their crystallinity (20% and 70%), 
there was no significant difference in the 
quality and quantity of the inflammatory 
cells at the implanted site in vitro 42 . HA 
which are highly crystalline are chemically 



stable and interfere with osteoblast cell 
proliferation by decreasing in vitro cell 
adhesion 43 ' 44 . 

The physiochemical properties of 
HA do not affect the cellular response in 
vitro 42 . In vivo study on the tissue response 
for the various crystalline HA has to be 
conducted to agree or disagree on the stated 
inference. Added to this, the association of 
cellular response to HA synthesized and 
deposited via various methods along with its 
crystalline nature have to be well 
investigated. 

MACROPHAGE AND OSTEOBLAST 
RESPONSE TO NANO-HA 

HA are now being widely used in 
orthopedic implants 45 ' 46 ' 47 due to their 
biological characteristics such as non-immu- 
nogenicity, non-inflammatory behavior, 
greater biocompatibility and high osteocon- 
ductivity 48 . Atomic force microscopy of 
trabecular bone showed plate or ball shaped 
minerals (30 to 120 nm diameters) which 
were densely packed into woven collagen 
fibrils 49 . Ultrastructural examination of 
deproteinated bone reveals that individual 
25-50 nm HA crystals are the essence of 
bone in terms of mechanical properties and 
bioresorbability, and play an important role 
in biomineral formation 50 . Thus, nanosized 
HA particles have aroused intensive interest, 
and great efforts have been made in the last 
decade to study their synthesis, structure and 
properties 51 ' 52 . Nano-HA has been proven to 
exhibit a better biocompatibility, good 
bioactivity and flexible structure 53 ' 54 ' 55 than 
micro-HA. 

The surface roughness of the 
implant has a direct role in the biological 
response at the implanted site 18 ' 56 60 . 
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Nanoparticles when coated over the implant 
increase the surface roughness which 
provides greater osteoblast adhesion 18 ' 56 . The 
molecular interactions at the surface can be 
targeted to create specific cell level 
response 57 ' 58 ' 59 . An increase in osteoblast 
adhesion and differentiation was demonstra- 
ted on HA nanoparticles and there was a 
significant reduction in its biological 



property with the increase in grain size of 
the particles 18 ' 53 56 ' 60 ' 61 . Zhongli Shi et al. 
showed the variation in the osteoblast 
adhesion over 20nm, 80nm and micro-HA 
particle. 20nm HA (Figure 1) shows a 
greater cell adhesion than 80 niriHA and 
micro- HA 56 . Similar effects were noticed on 
few nanophase ceramics 22 ' 23 ' 24 . 
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Figure 1: FESEM images of (a) 20nm, (b) 80nm and (c) micro-HA. 
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The corresponding images show the 
FESEM images of cellular morphology over 
HA particles. Cell proliferation was greater 
over 20nm sized HA particles . 

The increase in biological activity 
over the effect of nanoparticles may be due 
to the orientation of protein to the 
nanoparticles and specifically the mode of 
orientation of adhesion proteins such as 
vitronectin to the grain boundaries which in 
turn alters osteoblast adhesion and shape; 
both critical to formation of bone 62 ' 65 ' 66 . 
Nano-HA can possibly stimulate osteoblastic 
proliferation compared with m-HA 67 . This 
may be ascribed to the enhanced interfacial 
adhesion of HA nanoparticles to cells, as 
well as the improved penetration abilities of 
smaller HAs. Due to the smaller size of the 
HA particles, they can penetrate into the 
cells more easily by endocytosis, clathrin- 
coated vesicles (pits), caveolae or their 
independent reporters 68 and stimulate growth 
factors. The origin of the effects of 
nanoparticles may be derived from the fact 
that the internalized HA nanoparticles were 
partially dissolved during lysosomal 
digestion and the obtained solutes such as 
Ca 2+ ions diffused into the cytoplasm 69 . The 
proper Ca + concentrations favored 
osteoblast proliferation and differentiation 70 . 

There is a limited knowledge on the 
effect of crystallinity and mode of synthesis 
of nanoparticles on biological behaviors. 
The knowledge on the effect of crystallinity 
is more on m-HA than nano-HA 71 ' 72 . The 
improvement in cell adhesive and differen- 
tiation properties by the nano-HA have been 
explored where lower crystallinity was 
found to enhance cell adhesion 73 . In addition 
nano-HA which were spherical in shape 
showed an enhanced adhesive property than 



rod shaped HA nanoparticles . The 
explanation for the favorable effect of 
sphere-like nano-HA on osteoblasts might 
be the well-organized surface which seems 
beneficial for filopodia protrusion. 

In the comparative study by Zhongli 
Shi et al. , on 20nm and 80nm HA particles, 
loss of contact with neighboring cells, 
contraction of the cells, swollen mitocho- 
ndria, deformed nuclei and condensed 
chromatin was observed over 80nm HA 
particles (Figure 1). This proves the 
cytotoxic effect of larger size nanoparticles 
and the use of smaller size nanoparticles of 
HA. Controlling the size of HA 
nanoparticles is the major issue that has to 
be considered to eliminate this cytotoxic 
effect. In addition, nano-HA were found to 
be cytotoxic to macrophage and hence there 
is a decrease in macrophage proliferation 
over nano-HA 15 .Motskin et al. demonstrated 
that HA particle toxicity is due to the 
increased cytosplasmic calcium load leading 
to cell death. Few nano-HA was found to 
enter the nuclei through nuclear pores. 

CONCLUDING REMARKS 

Macrophage and osteoblast response 
to micro and nano-HA is quite controversial. 
Macrophage is a member of immune system 
and its activities are closely related to the 
immune response, inflammation and foreign 
body response. On the other hand, 
osteoblasts are mononucleate cells, 
responsible for bone formation. The type of 
response by macrophage and osteoblast over 
HA depends on the size, crystallanity, 
surface roughness of the particles, etc. 
Osteoblast adhestion is enhanced when the 
macrophage proliferation is less. However, 
no study has been carried till now to find the 
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response of osteoblasts and macrophage on 
nano-HA simultaneously in vitro as well as 
in vivo. The in vitro and in vivo studies of 
osteoblast and macrophage response to 
micro-HA have proved it to be 
biocompatible due to its physiochemical 
properties. On incorporation of nano-HA the 
osteoblast adhesion was found to be 
significantly greater due to increased surface 
area and roughness. It should be noted that 
the crystallinity of the compound is 
inversely proportional to the biocompa- 
tibility and mechanical strength. HA 
however biocompatible has a less tensile 
strength. Hence HA is either coated over a 
substrate or HA composite is formed to 
enhance the mechanical properties. 

It can be concluded that nano-HA 
may be a potential agent to enhance the 
osteoblast adhesion and decrease the 
macrophage activity. Hematopoiesis or 
blood cell formation occurs at the bone 
marrow. Hence it is necessary to find the 
kinetics of blood cells formed by the 
incorporation of nano-HA in the implant. 
However, the overall study on the response 
of osteoblast and macrophage over nano- 
HA, particle -osteoblast interaction and 
particle-macrophage interaction could pave 
more way for the future research and better 
application of nano-HA in bone implants. 
The study on particle -cell interaction could 
explain more about the biological stability 
derived from the design and surface of HA 
particles along with its association at the 
particle cell interface in aiding the 
attachment of bone forming cells with 
minimal inflammatory infiltrate. 
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